Abstract Recession curves of daily streamflow hydrographs are analysed by a probabilistic approach. Flow of a day on a recession curve is calculated by multiplying the previous day's flow with a value of K smaller than one; K, defined as the ratio of the flows of successive days on the recession curve, was determined from observed daily flow time series. The range of K is divided into three class intervals. A procedure using the concept of gradually increasing values of K is adopted. For this, transition probabilities and average values of K are determined for each class interval and each month of the year. A recession curve can be generated, once the peak flow is known, by the probabilistic approach. The procedure allows nonlinear, seasonal and stochastic effects in flow recession of a river to be considered.
INTRODUCTION
A typical hydrograph has four sections ( Fig. 1) . Section AB is baseflow recession where the river is fed mainly by groundwater outflow. The rising of the hydrograph BC (ascension curve or rising limb) is due to rainfall generating direct runoff (quick flow). After peaking direct flow decreases from C to D (falling limb) and another baseflow recession (DE) begins.
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Recession curve analysis has a wide application in hydrology, e.g. low flow frequency and hydrograph analysis and forecasting (Tallaksen, 1995) . Rainfall-runoff models require recession characteristics of the basin (Kelman, 1980) . Separation of baseflow from the total flow is also related to recession parameters (Wittenberg, 1999; Wittenberg & Sivapalan, 1999) . However, in the above mentioned studies and in many others, only baseflow recession was considered. Recession of baseflow, mostly considered as the outflow of the groundwater reservoir feeding the stream during rainless periods (Frôhlich et al., 1994) , is usually taken as the outflow of a linear reservoir. The linear reservoir theory goes back to the work of Maillet (1905) based on Boussinesq's nonlinear differential equation for aquifers. Plotted on a semi-logarithmic scale, the recession curve of outflows from a linear reservoir would form a straight line. In most flow recessions, however, the recession parameter of the basin is not constant along the curve, but increases continuously along it (Wittenberg, 1994; Szilagyi, 1999) . Therefore, the slope of the line obtained by plotting the recession curve on a semi-logarithmic paper is not constant but normally concave. The time variant recession parameter contradicts the concept of the linear reservoir and indicates that there is indeed a nonlinear relationship between storage of and outflow from the aquifer, as shown by Wittenberg (1994 Wittenberg ( , 1999 , Brutsaert & Lopez (1998) , Chapman (1999) , Wittenberg & Sivapalan (1999) and Aksoy & Wittenberg ( 2001) .
The recession studied here is not only baseflow recession, as is usually the case, but the recession of total flow, thus of the decreasing sections of the hydrograph (Kavvas & Delleur, 1984) . In this study hereafter, "recession curve" will denote the complete decreasing portion of the hydrograph, which is from C, the peak, to E in Fig. 1 .
There are some works deterministically investigating the recession curve in this manner. Sargent (1979) gave an approach splitting the recession curve by an arbitrary procedure into two stages, upper and lower recessions. Ratios of QJQtA are calculated for pairs of successive days, where Q t and Q t .i are flows on days t and t-\, respectively. When the ratio is less than 0.9, then upper recession occurs, otherwise lower recession is considered. Another approach splitting the recession curve into two stages considering seasonal variation was given by Aksoy (1998) and Aksoy & Bayazit (2000) . Monthly mean flow was chosen as the splitting criterion, which is again an arbitrary and empirical threshold value. Kavvas & Delleur (1984) studied the recession curve and concluded that the recession curve parameters were time-varying. The time-varying recession parameters were used by Evora & Rouselle (2000) in their stochastic model developed for daily flows of semiarid regions.
The recession curve of the hydrograph is usually considered as deterministic rather than probabilistic. On the other hand, the ascension curve of the hydrograph has a stochastic structure influenced directly by the inflow to the basin. The random structure of the ascension curve can be defined by fitting a probability distribution function to the flows along the curve (Treiber & Plate, 1977; Sargent, 1979; Aksoy, 2000; Aksoy & Bayazit, 2000) . The structure of the recession curve can also be analysed probabilistically. Such an approach allows one to overcome difficulties encountered in the deterministic linear and nonlinear reservoir approximations and takes into account the random structure of the hydrological system. In this study therefore, it is aimed to develop a probabilistic approach considering the complete recession curve of the hydrograph. Such an investigation is a very useful tool particularly in flow simulation studies where water resources planners need long synthetic data. The approach is based on ratios of pairs of successive flow values on a recession curve. It considers the seasonal effects. The application of the approach on daily flow series shows it as an applicable tool for recession curve generation.
PROBABILISTIC APPROACH
The following probabilistic approach aims to consider the random (stochastic) structure of flow recessions. During recession of the hydrograph, flow on a day t, Q t , can be expressed as the product of a value of K, smaller than one, and flow on the previous day, Q t .\. a = KQ,-I (i)
Here, t denotes the number of days after the preceding peak of the hydrograph. The recession curve of the hydrograph typically is a steeply declining curve at the beginning of the recession. It becomes flatter as time goes on. Therefore, values of K in equation (1) are normally smaller values at the beginning of the recession and higher at the end (but it does not necessarily mean that all recessions observed in nature have gradually increasing values of K). In fact, increasing values of K indicate the nonlinearity between the storage of and outflow from the feeding system. The analysis of time series of daily flow reveals strong random impacts on the values of K, suggesting the use of a probabilistic approach for flow recession. In this probabilistic approach, K is considered as a random variable with values between zero and one. Zero is obtained if the stream is intermittent (no flow); otherwise K is always greater than zero. The ascension curve of the hydrograph (BC in Fig. 1 ) and the zero flow portion (HI in Fig. 1 ) of the time series are excluded in this study, as the aim is the generation of recession curves (CE in Fig. 1 ). When the flow sequence has a long recession in a rainless period, flow stabilizes and values very close to one (and even equal to one) are obtained for K. FG in Fig. 1 depicts such a period. In this study, therefore, values 0 < K < 1 are studied. Determined values of K are divided into ten equal class intervals.
In the present approach all recession curves observed in daily streamflow series of a river are evaluated. There is no restriction on selection of a recession; even 1-day long recessions are used. Analysis is made separately for each month to determine the occurrence frequencies of each class interval of K. As the number of values found in the first eight intervals (0.0 <K< 0.8) was rather small, these intervals were condensed to one, allowing to reduce the number of parameters for the modelling of a recession curve to three values of K. This can be considered as an analogy to the surface flow, subsurface flow and groundwater flow, but it does not necessarily mean that each class interval physically or conceptually corresponds to the flow components. Selection of 0.8 and 0.9 as the limits of class intervals is arbitrary just like the splitting criterion of 0.9 used by Sargent (1979) . Different choices for the limits were tried as will be explained below.
Transition probabilities
Once the number of class intervals has been reduced to three, there are only three alternatives for a value of K to be taken: it is either between zero and 0.8 (0.0 < K < 0.8), between 0.8 and 0.9 (0.8 < K < 0.9), or between 0.9 and 1.0 (0.9 < K < 1.0). If 1, 2 and 3 denote the intervals, respectively, then the following Markov chain can be constructed:
The matrix has probabilities (P) of transition from one class interval to another. If n t j is the total number of days of observed recessions, having a value of Kj with the previous value of Ki, then the transition probability from i toy can be calculated as:
j
Adopted procedure
The recession curve of a typical hydrograph has a gradually decreasing slope, i.e. K gradually increases. The procedure adopted in the study follows this basic concept. In other words values of K to be used in the generation of the recession should be ranked from the smallest to the largest. The length of a recession curve is determined using a model for generating daily flows (Aksoy & Bayazit, 2000) . For an re-day long recession curve:
where t is time in days after the preceding peak of the hydrograph. In the present case, since a recession curve is to be generated by only three values of K, the inequality given in equation (4) can be rewritten as:
where sum of k, I and m is equal to n, the recession length. According to the proposed probabilistic approach (Fig. 2) , a recession curve starts decaying with a value of K\. If there is no increase in the flow (if recession is still continuing) the next day of the recession is calculated by either K\ or K 2 . Once K is set to K 2 the remaining part of the recession is calculated by either K 2 or K3, if the recession curve is still continuing. Therefore, k, I and m in equation (5) satisfy:
Once limits of class intervals of K are determined, transition probabilities are calculated by using equation (3). The recession curve cannot decay with a value of K3, after decaying with a value of K\. Therefore P13 is set to zero. Additionally, once a recession curve has started to decay with K3, it is not allowed to decay with neither K\ nor K2. Then F21 = P31 = P32 = 0. The probability of P 33 is obviously equal to 1 (100%). Therefore, the transition probabilities matrix in equation (2) changes to: 
is obtained. It is obvious from the matrix that only P\\ and P 2 j are needed to define the matrix. In addition to the two transition probabilities (P u , P22) three values of K {K\, K 2 , K3) are needed for the approach. These values are computed as weighted averages for each class interval and are assumed to be constant throughout the year whereas transition probabilities are taken on monthly basis due to seasonal effects. So, the approach requires 12-2 + 3 = 27 parameters to be determined from the observed data series.
Generation of a recession curve
A recession curve of length n days starting with a peak discharge Q 0 can easily be generated, once values of K and transition probabilities are determined by the following algorithm. The flowchart of the algorithm is given in Fig. 3. I START I Fig. 3 Flowchart of the probabilistic recession curve generation algorithm.
Step 1. Flow of the first day of the recession is calculated by setting K to K\ and using equation (1).
Step 2. If the recession curve is still continuing then a uniform random number is generated and
Step 3 is performed, otherwise the generation is ended.
Step 3, If the generated random number is smaller than or equal to P\\ then K is set to K\, otherwise K is set to K 2 .
Step 4. Flow is calculated by equation (1).
Step 5. If K = K\ then Step 2 is repeated, otherwise Step 6 is performed.
Step 6. If the recession curve is still continuing then a uniform random number is generated and
Step 7 is performed, otherwise the generation is ended.
Step 7. If the generated random number is smaller than or equal to P 22 then K is set to K 2 , otherwise K is set to K 3 .
Step 8. Flow is calculated by equation (1).
Step 9. If K = Ko then Step 6 is repeated, otherwise
Step 10 is performed.
Step 10. If the recession curve is still continuing then K is set to K 3 and Step 11 is performed, otherwise the generation is ended.
Step 11. Flow is calculated by equation (1).
Step 12.
Step 10 is repeated.
APPLICATION Data
The probabilistic approach was applied to records of daily streamflow from six stations in the European part of Turkey, the region of Thrace. The Thrace region is of agricultural importance for the country and hence irrigation water demand increases in the summer when most of the rivers in the region have no flow. The records are between 13 and 35 years in length. Information on the stations and number of recessions used in the study is given in Table 1 .
The rivers on which the stations are located are in the basin of the Ergene River, the most important river in the region. The Seytan (101) and Hayrabolu (106) rivers are tributaries as well as the Inece River (102), which joins Ergene River further downstream. Station 105 is on the Ergene River itself, downstream of stations 101, 102 and 106. The Ergene River joins the Meric, a boundary river between Turkey and Greece. Station 103 is on the Meric River and station 104 is on the Tunca River joining the Meric.
Four of the rivers are of intermittent character. Although the Tunca River dried out for eight days in September 1990, it is not an intermittent stream. When monthly flows of the rivers were considered it was seen the rivers had flows smaller than the overall mean values in summer and autumn months, when water is of great importance for irrigation.
Parameters
Parameters required for the proposed method are three values of K (Ki, K 2 , K 3 ) and monthly transition probabilities (Pu and P 22 ). Values of K were determined for each month from the non-increasing portion of the observed daily flow series. The OOOCMTt-cMr^-nCO Table 2 from which it is seen that most of the values of K (about two thirds on average) are in the class interval of 0.9 -1.0, and about one fifth are in the class interval of 0.8 -0.9. The remaining portion falls into the first eight intervals. High frequencies observed for values greater than 0.9 indicate that the recession is a curve with a shorter steep part followed by a long slowly descending part, as is the case in a typical hydrograph shown in Fig. 1 . During the dry period of the year, smaller values of K have relatively greater probabilities. This is mainly attributed to évapotranspiration and abstractions from the groundwater causing steeper recessions (Aksoy & Wittenberg, 2001) . Probabilities of values of K smaller than 0.2 are negligible. Such values of K occur after a rainfall event particularly in a summer month after a long dry spell. It is a property of a summer recession to reach the baseflow value very quickly (Aksoy & Wittenberg, 2001 ). It should be noted here that, even in the summer months, the probability of higher values of K (K 2 , Kj) is still much higher than that of small values.
Simulations
The applicability of the proposed approach was tested by simulation of the observed recession curves of the six data series. All the observed recessions were recalculated by the probabilistic generation algorithm. Peaks of the recessions were taken from the records. Each observed recession was recalculated ten times. The statistics of the observed recessions and those of calculated as the average of ten simulations were compared.
Two cases were evaluated. In the first case (Case I), the first eight intervals were condensed into one. The last two intervals were evaluated separately. The value of K\ is calculated as the weighted average of the first eight intervals; K 2 and K 3 were taken as 0.85 and 0.95, respectively. In the second case (Case II), the first six intervals were used for K\ and the remaining four intervals were combined into two for calculating K 2 and K3. Weighted average values of K are used for each interval. Parameters required for both cases are given for Seytan River in Table 3 . The seasonal influence on the probabilities is evident.
Results
Results are presented for the two cases. Seven fixed percentage points on the flow duration curve (1, 10, 30, 50, 70, 90 , 99% time of exceedence) were taken. These points with corresponding flow rates (quantiles) represent a duration-discharge table, which is a discrete representation of a flow duration curve (Smakhtin, 2000) . Duration curve characteristics of daily flow values of the generated recession curves were compared to their observed counterparts on a monthly basis. The generated values were averaged over ten simulations. The overall characteristics were also compared.
Results for Case I Figure 4 and Table 4 summarize results for Case I. The term RE represents the relative percentage error between observed and generated quantiles. There is a relatively high variability in differences between the flow duration curve characteristics of the observed and generated recession curves when they are analysed on a monthly basis, although overall comparison gives a much better agreement. Recession curves were mostly overestimated for high flows and underestimated for low flows. When overall characteristics of recessions were considered, relative errors of overestimation at the high flow portion of flow duration curve were found smaller than those of underestimation at the lower portion.
Results for Case II The second case was used to see whether better recessions could be generated. Results are plotted in Fig. 5 from which it is seen that they are not better than those for Case I. Smaller quantiles were generated for all streams. 
Discussion of results
Comparison of the results of Case I and Case II shows how the simulations are affected by the choice of class intervals for K values. It was thought, after higher flows were generated for some months in Case I, that the generated flows could get closer to the observed flows if the value of i^i was reduced. Therefore, Case II was considered but it was seen that very small quantiles were generated. The reason behind this is thought to be the assumption of always starting a recession curve to decay with a value of K\. This assumption gives good results for parts of a recession curve where peak flow is very high. The assumption however results in very low flows when the peak flow is not high.
Values of K{\) were calculated, where K(\) is the value of K on the first day of a recession. Occurrence frequencies of K(l) being equal to K\, Kx and ^3, respectively (called Pi, P2 and P 3 ) are given for six stations in Table 5 from which it can be seen that it is not reasonable to start a recession curve always with K\. The curve may start with K 2 or K 3 as well as K\. In four stations (101, 102, 103 and 106) the probability of recessions starting with K x is greater than the probability of those starting with K 2 and K 3 . The probability of recessions starting with K 3 is the greatest in the remaining two stations (104 and 105). Therefore, a third case taking these probabilities into account was considered and simulations were performed but it was seen that much larger quantiles were generated. The reason behind this can be explained as follows: Suppose that a recession with a high peak flow is to be generated and assume also that the flow on the first day of the recession was calculated, by chance, by using K 3 . According to the adopted procedure the remaining part of the recession should recess by the same coefficient, K 3 , resulting in too high flows. The generated high values dominate in calculating the average of the recessions. Therefore when the statistics of the generated recessions are compared to those of the observed recessions it is seen that very high quantiles are generated.
It is known that the value of K depends on the peak flow magnitude as well as on time (Vogel & Kroll, 1995) . Change of K with time is depicted in Fig. 6 , drawn by using recessions of station 101 observed in January. The value of K increases as time increases on a recession curve due to the obvious nonlinearity of the storage-outflow relationships of aquifers (Wittenberg, 1999) .
A fourth case was also tested where ten class intervals of K were used. In the simulations K values for each class interval were chosen not as the average of each interval but as a random number from that class interval. Chosen values were then ranked from the smallest to the largest along the recession. It was found that flows were underestimated in this case.
When all the above is considered, the finding of this study matches to that of Kavvas & Delleur (1984) who used the concept of the recession rates, depending both on time and on the magnitude of the peak. This was originally observed by Weiss (1977) . The concept forces one to use random values chosen from the flow-time space. Figure 7 tells about the distribution of K in that space. Recession curves given in Fig. 7 end at the same point. Recessions 1, 2 and 3 start at the same time but K is the smallest in recession 3, since it has the highest peak flow. Recessions 2, 4 and 5 have the same peak flow value at the different starting time locations. Recession 2 is longer than recession 5. Therefore it adopts higher K values as time increases.
CONCLUSION
A probabilistic approach is suggested for the non-increasing portion (recession curve) of a daily streamflow hydrograph. Flow on a recession curve of the hydrograph is found by multiplying the previous day's flow with a parameter K, which is considered as a random variable between zero and one. The range of K is divided into ten equal class intervals. It is seen that K takes values greater than 0.8 with very high probabilities. As an analogy to the concept of flow components of surface flow, subsurface flow, and groundwater flow, the number of class intervals is reduced to three. The weighted average values of K for each interval are assumed to be constant throughout the year but transition probabilities are changed due to seasonal effects of the hydrological cycle. Therefore, three values of K together with 24 probabilities (two for each month) make out the parameter set of the probabilistic approach. Various cases are considered for the limits of class intervals. It is found that best results are obtained when 0.8 and 0.9 are chosen as the limits. Depending on the problem in hand, number of class intervals can be increased. The approach is found to be useful for the generation of recession curves as shown by the results of application on six daily streamflow series.
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